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license (http://creativecommons.org/licenses/by-nc-ndParental care is associated with costs. Communal offspring care in species with altricial young may
reduce the costs for a parent, but it comes with a risk of exploitation, jeopardizing the evolution of stable
cooperation. Female house mice can either rear their young alone or communally with one or several
other females. In the latter case, females pool litters and do not discriminate in their maternal behaviour
between their own and alien offspring. Differences in litter size between females, or differences in the
amount of investment they provide, might therefore result in one female exploiting another. To analyse
the potential for conﬂict during cooperation, we compared under laboratory conditions the maternal
investment (milk quantity and quality at peak lactation, when a female's own offspring were 15 days old)
of wild-bred females nursing communally with one partner with that of females nursing solitarily. To
increase the probability of asymmetry in litter sizes between communally nursing females, we used a
genetic tool to reduce in utero litter size for one of the two partners. Communally nursing females
invested according to the total number of pups in the joint nest and not according to their own litter size,
making them vulnerable to exploitation. Females that gave birth to the smaller litter consequently
overinvested; they had a higher investment per weaned offspring than females that gave birth to larger
litters in communal nests or solitarily nursing females. Communal nursing in house mice thus represents
a public good situation. Both partners invest according to the combined litter size, but they differ in the
beneﬁt they gain, which is the number of weaned offspring.
© 2015 The Authors. Published on behalf of The Association for the Study of Animal Behaviour by Elsevier
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).Parental care improves offspring survival, typically at a cost for
the investing parent in terms of decreased future reproduction or
survival (Clutton-Brock, 1991). It is often associated with high en-
ergetic and opportunity costs, especially in species that produce
altricial offspring, which initially fully depend on care or protection
provided by adults (Bennett, 1981; Clutton-Brock,1991). Communal
offspring care may present an opportunity to reduce the costs of
parental care and has been described for about 15% of mammals
(Bronson, 1989; Gittleman, 1985; K€onig, 1997) and 2.5% of birds
(Brown, 1987).
Communal offspring care can be expressed in two ways. First,
nonreproducing individuals help to raise the offspring of other
individuals. Second, several reproducing individuals share parental
load by pooling their clutches or litters in one nest. The main dif-
ference between these types of communal offspring care is theonary Biology and Environ-
rstrasse 190, 8057 Zurich,
errari).
The Association for the Study of An
/4.0/).degree of reproductive skew between females in a group. The skew
can range from despotic, with one dominant breeder as in bird
species with helpers-at-the-nest (Koenig& Dickinson, 2004) and in
cooperatively breeding mammals (Clutton-Brock, 2002), to egali-
tarian reproduction among the females in a group as in commu-
nally (plurally) breeding species (Hayes, 2000; Koford, Bowen, &
Vehrencamp, 1990). Although egalitarian groups may also experi-
ence reproductive skew, it will be less pronounced than in despotic
groups. Lower potential for conﬂict is thus expected in communally
breeding species, since all group members gain direct ﬁtness ben-
eﬁts. If individual investment (cost), however, corresponds to the
total number of offspring in the communal or joint nest and not a
female's own offspring only, the potential for exploitation, and thus
conﬂict, is raised also among communally breeding species.
Whenever we observe regular and indiscriminate provisioning
of a female's own and alien offspring we have to analyse the un-
derlying potential for conﬂict among the partners involved to un-
derstand the factors stabilizing cooperation during communal
offspring care. Indiscriminate care or the lack of discrimination
between a female's own and alien young in species with altricialimal Behaviour by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
M. Ferrari et al. / Animal Behaviour 110 (2015) 133e143134offspring is rather common and has been described for a number of
communally nursing mammals (bats: Watkins & Shump, 1981;
rodents: Holmes & Sherman, 1982), communally feeding birds
(Koford et al., 1990) and invertebrates (Samuk & Aviles, 2013).
Mammals provide interesting case studies for the potential for
exploitation in communal offspring care. Females predominantly or
exclusively provide parental care and lactation comes at a high cost
(Bateman, 1957; Clutton-Brock, Albon, & Guinness, 1989). Lactation
increases a mother's daily caloric intake by 66 up to 180% in com-
parison to the nonreproducing period (Gittleman & Thompson,
1988; K€onig, Riester, & Markl, 1988), and increased investment in
the present offspring delays the birth of the next litter (Clutton-
Brock et al., 1989). Regular and indiscriminate provisioning of
milk to a female's own and alien offspring, as observed in
communally nursing species, thus requires an adaptive explanation
(K€onig, 2006; Roulin, 2002).
In house mice, allonursing of pups by communally breeding
females has been observed both in the wild and under laboratory
conditions (Sayler & Salmon, 1971; Schmidt et al., 2015; Weidt,
Lindholm, & K€onig, 2014; Wilkinson & Baker, 1988). Communal
nursing with a familiar partner improves a female's lifetime
reproductive success analysed for wild house mice under labora-
tory conditions (K€onig, 1994). However, communal nursing in mice
is facultative. Even during periods of high population density fe-
males nurse litters solitarily. When nursing communally they are
selective, with clear evidence for social partner choice both in a
free-living population and under standardized laboratory condi-
tions (Weidt, Hofmann, & K€onig, 2008; Weidt et al., 2014). In a
laboratory experiment, such social partner choice improved female
lifetime reproductive success (Weidt et al., 2008).
Since litters in communal nests vary in age and in size, indis-
criminate nursing has the potential for exploitation or free riding
(when one partner beneﬁts more than it invests, or even beneﬁts
without investing at all). If one female has a larger litter than her
nursing partner(s), but all females invest equally in the combined
nest, she will exploit the other(s). The beneﬁt (number of offspring
weaned) will vary for the different females contributing to the
communal nest, while all partners share the costs (energy invested)
equally. The risk of exploitation is even higher, as female infanticide
occurs regularly among communally nursing females. The female
that gives birth second may kill one or more of the other female's
pups before she gives birth herself, therefore biasing the relative
contribution to the communal litter in her favour (K€onig, 1994;
Palanza, Della Seta, Ferrari, & Parmigiani, 2005).
Females could avoid being exploited by preferentially nursing
their ownyoung. Contrasting results have been found as towhether
female house mice are able to discriminate between their own and
alien pups in a communal nest, with overall only weak evidence
indicating the ability to recognize their own offspring (Auclair,
K€onig, Ferrari, Perony, & Lindholm, 2014; Chantrey & Jenkins,
1982; Hager & Johnstone, 2005; K€onig, 1989b; Manning,
Dewsbury, Wakeland, & Potts, 1995; Yamazaki, Beauchamp,
Curran, Bard, & Boyse, 2000). Still, even an ability to discriminate
between her own and alien young on the mother's side would not
guarantee selective nursing. Females may be unable to fend off
alien offspring in the conﬁned environment of a communal nest
(milk theft). To our knowledge, it has not yet been demonstrated or
tested whether wild house mice are able to transfer more milk to
their own than alien offspring, for example by allowing their own
young access to teats with higher milk let-down. Furthermore, fe-
males in a laboratory study were not found to spend more time
nursing their own versus alien young (K€onig, 1989a). If females
indeed selectively nurse their own young, we expect their milk
production to correlate with their own litter size at the time of
measuring milk production.Alternatively, females could avoid exploitation by adjusting
their milk production to the litter size to which they gave birth.
However, female housemice adjust their investment to postpartum
changes in litter size (Knight, 1982; K€onig et al., 1988), very likely
directly inﬂuenced through the number of suckling young. It has
been observed inmanymammals that milk yield increases with the
number of sucklings (sheep, Ovis aries: Alexander & Davies, 1959;
goats, Capra aegagrus hircus: Hayden, Thomas,& Forsyth,1979; rats,
Rattus norvegicus: Morag, Popliker, & Yagil, 1975; mice, Mus mus-
culus: Knight, 1982; K€onig et al., 1988). If the suckling stimulus
determines milk production, and if females are unable to prevent
alien young from accessing their teats, we expect females to invest
according to the joint litter size in the nest, irrespective of a fe-
male's ability to recognize her own offspring. Such indiscriminate
nursing would make them highly vulnerable to exploitation, as
soon as communally nursing females differ in litter size.
In a laboratory setting we analysed female investment during
peak lactation (milk quantity and quality) in wild house mice to
assess, ﬁrst, whether communally nursing females invest according
to their own litter size or the joint litter size in the nest. To increase
the probability of asymmetry in litter sizes between communally
nursing females, we used a genetic tool to reduce in utero litter size
for one of the two partners and thus avoided the disadvantages of
manipulating litters shortly after birth (Ferrari, Lindholm, & K€onig,
2014). In a second step we compared the lactation performance of
communally and solitarily nursing females to analyse whether fe-
males use different investment strategies under these different
breeding conditions. Information about the potential of conﬂict
among partners will be a prerequisite for understanding the factors
stabilizing cooperation.METHODS
Animals and Husbandry
Experimental animals were F1 to F3 descendants of wild house
mice from a population near Zurich, Switzerland (for more infor-
mation see K€onig & Lindholm, 2012). Mice were kept in the labo-
ratory at a temperature of 22e24 C under a constant light:dark
cycle of 14:10 h (light on at 0530 hours CET). Food (laboratory an-
imal diet for mice and rats, no. 3430, Kliba) and water were pro-
vided ad libitum, as well as paper towels and cardboard that served
as nest-building material. Experimental animals originated from
monogamous breeding pairs and stayed in their parents' cages until
the age of 28 days, when a tissue sample (small ear punch) was
taken for genotyping and individual identiﬁcation. Subadults were
afterwards kept in same-sex sibling groups in Macrolon Type III
cages (23.5  39 cm and 15 cm high) until the beginning of the
experiment.
The population of origin contained a selﬁsh genetic element, the
t haplotype (Lindholm, Musolf, Weidt, & K€onig, 2013). This haplo-
type is characterized by drive in males (90% of offspring sired by a t
heterozygous male inherit the t) and is associated with a recessive
lethal, as has been described for other populations (Silver, 1993).
Embryos that are t heterozygous die in utero, so that a mating
between two t heterozygous individuals results in 40% smaller birth
litter sizes (Lindholm et al., 2013). Genotyping experimental mice
for the presence of the t haplotype (t heterozygous, þ/t) or for its
absence (þ/þ), and afterwards using a carefully designed mating
scheme, allowed us to manipulate whether females gave birth to a
normally sized or to a smaller litter (for a detailed description of the
method see Ferrari et al., 2014). This method enabled us to increase
the variation in litter size differences between communally nursing
females, while remaining in the natural range.
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Our experimental treatments comprised females raising their
young communally with a full sister (same-aged, familiar litter-
mates) or solitarily as a comparison. Females were on average 89
days old (range 62e209 days) and sexually naïve at the beginning
of the experiment.
Communal treatment
Two full sisters were kept together in a cage system, con-
sisting of three Macrolon Type II cages (18  24 cm and 14 cm
high), connected via transparent plastic tubes. An unfamiliar,
unrelated male was introduced on day 1 of the experiment. Each
social group was kept in the experiment until the two females
raised two communal litters together or failed to do so within
100 days.
One of the sisters within a social group (N ¼ 20 pairs) was þ/þ,
while the other was þ/t. In 10 social groups the females were kept
together with aþ/tmale; the þ/t female was here expected to have
a smaller litter than her þ/þ sister. In the remaining 10 groups the
male was þ/þ and we expected no biased difference in litter size
between the sisters.
Solitary treatment
Two full sisters, one þ/t and the other þ/þ, were each paired
monogamously with a þ/þ male and kept in two Macrolon Type II
cages (18  24 cm and 14 cm high; N ¼ 21 females; one þ/t female
failed to give birth). Each social group was kept in the experiment
until the female raised two litters.
Monitoring Reproduction
Introduction of a genetically unrelated, adult male was consid-
ered as day 1 of the experiment. Males were on average 94 days old
(range 51e266 days). From day 19 of the experiment onwards,
social groups were checked daily for new litters or the number of
pups alive from already born litters. Newborn pups in communal
nests were individually tattooed (coloured toe tattoo, Aramis
Microtattoo Systems, Ketchum, Brockville, ON, Canada) to allow
easy discrimination between litters. Pups were considered 1 day of
age on the day a litter was ﬁrst found. In the communal treatment, a
tissue sample for genetic analysis was taken of pups found dead,
and of pups from litters born on the same day, if they could not be
assigned to one of the litters.
Pup Body Weight
We weighed pups to quantify the effect of maternal investment
when they were 1 (day of birth), 5, 9, 13, 17, 23 (weaning) and 28
days old, when theywere removed from the parental cage. To avoid
potential negative inﬂuences of the milking procedure (see below)
on pup growth, we only used body weight of litters whose females
were not milked during that time. In total, 1655 weight measures
from 60 litters went into this analysis (38 communally and 22
solitarily reared litters). Not all pups were measured at all ages;
exact numbers for each age class can be found in Appendix
Table A1.
Quantitative Milk Analysis
To quantify a female's energy investment during lactation we
milked 61 females (40 communally nursing females and 21
solitarily nursing females). Females were milked once when their
own pups were 15 days old, which corresponds to the peak of the
lactation period (K€onig & Markl, 1987; K€onig et al., 1988). Themethod used was established by K€onig et al. (1988) and provides
a measure for the amount of milk available to pups. The authors
showed that the energy delivered via milk corresponded to the
energy used by pups for growth and metabolism. Litters within
communal nests differed in age (females gave birth on different
days). We calculated the average pup age for communal litters on
the day of milking by weighting the age of the separate litters
with the number of pups each litter contained ((litter size
A  age of A)  (litter size B  age of B) divided by the joint litter
size of A plus B).
We milked females during their second (49 females), third (10
females) or fourth litter (two females), and all females had suc-
cessfully raised their own and alien offspring before the milking
procedure. Since milk production increases after the ﬁrst litter and
remains rather stable until at least the female's ﬁfth litter (K€onig &
Markl, 1987), we thus avoided an effect of primipary on lactation
performance or behaviour.
Females were isolated for 3.5 h from their social group before
the milking procedure, to minimize the effect of the last suckling
event by pups and standardize the amount of milk available. We
anaesthetized females with a subcutaneous injection (100 mg of
ketamine and 5 mg of xylazine per kg of mouse) in the neck region.
To induce milk ﬂow, the already anaesthetized mice were injected
with 1 IU (International Unit) of oxytocin intraperitoneally. Each
mammary gland was milked with a special milking device devel-
oped by Hoffmann, Sawatzki, Schmitt, and Kubanek (1982) until all
available milk was collected. The entire procedure took between 15
and 25 min. For more details see K€onig et al. (1988). The amount of
milk was documented in grams (balance: Mettler Toledo,
maximum 100 g, d ¼ 0.01 mg) and the samples were stored
at 20 C.
To compare the amount of milk females invested in relation to
the number of offspring they weaned (number of offspring alive at
day 23), we calculated their per capita milk investment, deﬁned as
the amount of milk produced by a female, divided by the number of
her own weaned offspring. Litter size at weaning was identical to
litter size at the time ofmilking, with one exception, where one pup
disappeared on day 16. Communally nursing females were further
characterized as whether they reared the smaller or the larger litter
in the communal nests.
Qualitative Milk Analysis
We quantiﬁed milk quality by analysing the total lipids and
total solids from the stored samples. Each milk sample was double
tested for both measures, if the available quantity allowed it (each
test required 50 mg of milk). Themean between the two replicates
was used for later analyses. In total 51 of 61 samples were ana-
lysed (32 samples from communally nursing females and 19
samples from solitarily nursing females). To analyse how much
energy females invested in each of their own offspring weaned,
we calculated their per capita energy investment. As a proxy for
total energy invested we took the amount of lipids (g) a female
produced (total amount of milk produced  percentage of lipids in
the milk) since lipids represent more than 80% of the energy in
house mouse milk (K€onig et al., 1988). We divided that value by
the number of the female's own weaned offspring to obtain the
amount of energy invested in each of her own offspring (per capita
energy investment).
Total lipids
Lipid content was analysed gravimetrically with the
R€oseeGottlieb method (Baverstock, Spencer,& Pollard, 1976; K€onig
et al., 1988). The lipids were dissolved in ammoniac (25%) and then
extracted with an ether/petroleum ether mixture.
M. Ferrari et al. / Animal Behaviour 110 (2015) 133e143136Total solids
Total solids were measured gravimetrically. Milk samples were
dried at 102 C to a constant weight (K€onig et al., 1988).
Statistical Analysis
Statistical analyses were performed with R Version 3.0.2 (R Core
Team, 2013). Generalized linear models (GLM) were conducted,
unless the nested design of the study (two sisters together in one
social group, several litters per female) required additional random
effects to control for dependencies within the data. In these situ-
ations linear mixed models (LMM) were performed with the
package lme4 (Bates, Maechler, Bolker, &Walker, 2014). Fulﬁlment
of model assumptions was inspected visually and the data were
transformed if necessary or the appropriate link function was
chosen for GLMs.
Model selection
Full models were compared to all possible combinations of
models containing the same or fewer explanatory factors with the
dredge function in the MuMin package (Barton, 2014). The best
model was determined based on corrected Akaike information
criterion (AICc) values. Delta AICc between the best and the second
best model had to be at least 2; otherwise two models were
considered equal and the one with fewer degrees of freedom was
chosen. We used parametric bootstrapping to assess the signiﬁ-
cance of ﬁxed effects in the most adequate model (for more details
see below). Table 1 summarizes for all analyses what type of model
we used, the full model and the most adequate model.
Assessing signiﬁcance of ﬁxed effects in LMMs
First, we ﬁtted a model without the factor of interest to the
observed data and simulated new data using this reduced model.
These simulated data were then ﬁtted to the reduced model as well
as to the full model that included the factor of interest. By calcu-
lating the deviance between the full and the reduced model, we
obtained an estimate of how well the full model performed when
the factor of interest had no effect. These steps of data simulation
andmodel reﬁtting were iterated 10 000 times.We then used a chi-
square test to compare the distribution of differences in deviance to
the difference in deviance we observed between the reduced and
the full model when ﬁtted to the actual data. To determine which
levels of a factor differed from each other, we used, as an alternative
to post hoc testing, the conﬁdence interval (CI) of the difference. IfTable 1
Full models and most adequate models after model selection
Type of model Response variable Fixed effects
Full model
Solitarily nursing females
GLM (gamma) Milk quantity(g) Gtypeþweightþown LS
LM Milk quality (lipids %) Gtypeþweightþown LS
Communally nursing females
LMM Milk quantity(g) Weightþown LSþjoint
LMM Milk quality (lipids %) Weightþown LSþjoint
Comparison between communally and solitarily nursing females
LMM Per capita milk investment (g) WeightþLS)T
LMM Milk quality (lipids %) WeightþT)milk produ
LMM Per capita energy investment (g) WeightþLS)T
LMM Pup body weight (g) (AgeþLSþLSBþTþsex)t
LM ¼ linear model, Gtype ¼ a female's genotype (þ/t or þ/þ), own LS ¼ own litter size,
female, dam of the larger litter in a communal nest or dam of the smaller litter in a commu
litter size for communally nursing females), pup age ¼ average age of pups in comm
\ID ¼ female identity, litterID ¼ litter identity.the 95% CI of the difference did not cross 0, we assumed two levels
to be signiﬁcantly different from each other.
Ethical Note
All experiments were approved by the Veterinary Ofﬁce Kanton
Zurich, Switzerland (licence no. 65/2011). All females survived the
milking procedure and continued to care for pups shortly after they
recovered from anaesthesia. No long-lasting negative effect of the
milking could be observed. Pup growth was only temporarily
reduced for 1e3 days after milking of a female, and milking did not
increase pup mortality. Pups in communal nests were never left
without any maternal care, because only one female at a time was
milked. In solitary litters pups remained alone before and during
milking of their mother for at most 4.5 h. During that time, litters
were left at room temperature in the nest built by the mother.
Under natural conditions, females leave their pups alone for even
longer periods, without negative effects on offspring survival
(Auclair, K€onig, Ferrari et al., 2014).
RESULTS
We milked 61 experienced (multiparous) females when their
own young were 15 days old to compare the quantity and quality of
milk produced by females nursing solitarily versus communally.
Litter sizes on that day corresponded toweaning litter sizes in all but
one litter (reduction of litter size by one pup between milking and
weaning at day 23). Females on average gave birth to 7.1 ± 0.3 pups
(range 1e12) and weaned 6.4 ± 0.4 pups (range 1e10; mean ± SE).
The number of females milked in the different treatments, as well as
summary information about their litters, is given in Table 2.
In agreement with the results of K€onig et al. (1988), we found a
signiﬁcant and positive correlation between pup body weight gain
from day 1 (birth) to day 13 and the amount of milk obtained from
their mother at day 15, for both male and female pups (Spearman
correlations: females: rS ¼ 0.70, N ¼ 15, P ¼ 0.005; males: rS ¼ 0.62,
N ¼ 15, P ¼ 0.015; Fig. 1).
Regulation of Milk Production in Lactating Females
We ﬁrst assessed for solitarily and communally nursing females
the inﬂuence of female genotype, body weight and litter size on the
amount and quality of milk produced. We did so separately since
analysis of communal nursing required the incorporation of bothRandom effects:
Most adequate model
Weight e
Only intercept e
LSþpup age Weightþjoint LS Group
LSþpup age Only intercept Group
WeightþTþLS Group
ced T Group
WeightþTþLS Group
wo-way interactions Age)LSþage)Tþage)sexþLSB Groupþ\ID/litterID
joint LS ¼ joint litter size in a communal nest, T ¼ treatment, i.e. solitarily rearing
nal nest, LS ¼ total number of pups in the nest (own litter size for solitarily and joint
unal nests, LSB ¼ litter size at birth, age ¼ pup age (days), group ¼ social group,
Table 2
Mean litter sizes at birth and weaning ± SE for solitarily and communally nursing females
N \ Genotype _ Genotype Litter size at birth Litter size at weaning Age difference in communal nests
Communal treatment
10 þ/þ þ/þ 8.5±0.8 7.0±0.8 4.2±1.3
10 þ/t þ/þ 7.5±0.9 6.5±0.9
10 þ/þ þ/t 6.9±1.0 6.1±1.0 4.7±1.2
10 þ/t þ/t 3.7±0.5 3.1±0.5
Solitary treatment
11 þ/þ þ/þ 7.8±0.4 7.5±0.5
10 þ/t þ/þ 8.0±0.6 7.9±0.5
Female andmale genotype is given asþ/t for t heterozygous individuals andþ/þ for those not carrying the t haplotype. In the last column, themean age difference ± SE (days)
between litters reared communally is given. The age difference was not signiﬁcantly different between the two treatments (Wilcoxon rank sum test: W ¼ 44.5, P ¼ 0.70).
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Figure 1. Average weight gain of solitarily reared male and female pups between day 1
(birth) and day 13 as a function of the amount of milk collected from their mother at
day 15 (N ¼ average weight gain from 15 litters for both male and female pups).
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Figure 2. Milk (g) collected from solitarily nursing females after having been separated
from their young for 3.5 h as a function of female body weight at the time of milking;
plotted separately for two genotypes (N ¼ 11 þ/þ and 10 þ/t females). Model estimates
(mean) and the SE of the mean are shown (N ¼ 21 females).
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litter.
Milk quantity and quality of solitarily nursing females
Females rearing their young alone nursed litters ranging in size
from four to 10 pups. The average litter size at weaning was
7.7 ± 0.4 pups. Heavier females produced signiﬁcantly more milk
than lighter females when their own young were 15 days old
(c21 ¼15.08, P < 0.001, N ¼ 21; Fig. 2).
The amount of milk produced was not signiﬁcantly inﬂuenced
by a female's litter size (c21 ¼ 0.26, P ¼ 0.609, N ¼ 21) or her ge-
notype (þ/þ or þ/t; c21 ¼ 0.20, P ¼ 0.654, N ¼ 21).
Milk quality, the percentage of total lipids in the milk, was not
signiﬁcantly inﬂuenced by the female's own litter size, body weight
or genotype. The most adequate model only contained the inter-
cept. We found no signiﬁcant difference between þ/t and þ/þ fe-
males in milk quantity or quality. For the rest of the analyses, we
therefore omitted this factor.
Milk quantity and quality of communally nursing females
Females rearing their young communally nursed joint litters of
three to 19 pups. The average joint litter size at the time of milkingwas 11.4 ± 0.7 pups (mean ± SE). The average litter size at weaning
(the female's own offspring) for communally nursing females was
5.7 ± 0.5 (range 1e10). The two litters of a joint communal nest
differed on average by 3.5 ± 0.5 pups at the time of milking, and
females sharing a communal nest differed similarly in the number
of pups weaned. There was no signiﬁcant difference between sister
pairs mated to þ/þ or þ/t males in terms of absolute litter size
difference (Wilcoxon rank sum test:W ¼ 44.5, P ¼ 0.70), but it was
the þ/t female that had the smaller litter in the latter groups, as
expected based on the recessive lethality of the t haplotype.
Communally nursing females produced more milk with
increasing joint litter size (parametric bootstrapping: c2 ¼ 7.59,
P ¼ 0.010, N ¼ 40; see Table 3, Fig. 3a). Similar to solitarily nursing
females, milk production increased with increasing female body
weight at the time of milking (parametric bootstrapping: c2 ¼ 6.16,
P ¼ 0.020, N ¼ 40; see Table 3, Fig. 3b). Neither a female's own litter
size nor the average age of the joint litter had a signiﬁcant effect on
the amount of milk produced. Neither a female's body weight nor
her own or the joint litter size had a signiﬁcant effect on her milk
quality (percentage of total lipids and total solids) at peak lactation
(when her own pups were 15 days old). The best model in both
instances only contained the intercept.
Table 3
Factors inﬂuencing the amount of milk produced by communally nursing females
after a 3.5 h separation from the litters
Factor Model estimates 95% CI
Body weight (slope) 0.03 0.01e0.05
Joint litter size (slope) 0.03 0.01e0.06
The milk produced corresponds to the amount of milk collected from females after
having been separated from the litters for 3.5 h. The table shows model estimates
(mean; LMM) and 95% conﬁdence intervals. The ﬁnal model had the following ﬁxed
effect structure: milk (g) ~ female body weight at the time of milking þ total number
of pups in the nest (N ¼ 40 females within 20 social groups). The communal nest
was used as a random factor to correct for dependencies in the data.
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To analyse whether females use different investment strategies
during solitary versus communal nursing, we compared the
mothers' milk quality and their milk and energy investment per
their own pup weaned.Differences in milk quality
Total solids and total lipids were highly positively correlated
(Spearman correlation test: rS ¼ 0.72, N ¼ 51, P < 0.001). Most of
the energy provided to pups in the milk is in the form of lipids
(K€onig et al., 1988). We therefore used only total lipids for further
analyses.
The percentage of total lipids in the milk ranged from 12% to
29.1%. Overall, milk of communally nursing females contained
signiﬁcantly fewer lipids than milk of solitarily nursing females
(parametric bootstrapping: c2 ¼ 11.15, P ¼ 0.007; see Fig. 4a). There
was no signiﬁcant difference between sisters sharing a communal
nest; mothers of the smaller litters in communal nests produced
milk of similar lipid content as mothers of the larger litters. The
total amount of milk a female produced, her body weight at the1.2
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Figure 3. Milk (g) produced by communally nursing females after having been separated fr
(corrected for female body weight) and (b) female body weight at the time of milking (correc
are shown (N ¼ 40 females).time of milking and the total litter size (joint litter size for
communal and their own litter size for solitary females) had no
signiﬁcant effect on the percentage of lipids in the milk.Per capita milk investment
We analysed howmuch milk communally and solitarily nursing
females produced per their own weaned offspring (per capita milk
investment) after a 3.5 h long separation from the nest to test for
differences in the investment of solitarily and communally nursing
females. The amount of milk produced ranged from 0.0006 g to
0.4 g per their own weaned pup. Communally nursing females
were further divided into mothers of the smaller or larger litter
within a communal nest. The three classes of females differed
signiﬁcantly in the amount of milk they produced per their own
weaned offspring (c2 ¼ 13.84, P ¼ 0.002; see Fig. 4a). More pre-
cisely, the mother of the smaller litter in a communal nest had a
higher per capita milk investment than her partner with the larger
litter (model estimate of the difference (conﬁdence interval of the
difference) between dams of smaller and larger litters in communal
nests: 0.05 g milk per their ownweaned offspring: 0.01e0.09). The
mother of the smaller litter also produced signiﬁcantly more milk
per her own weaned offspring than a solitarily nursing female
(0.08 g, 0.04e0.12). Solitarily nursing females did not differ signif-
icantly in per capita milk investment from a mother with the larger
litter in a communal nest (0.03 g, 0.01e0.07). The larger the joint
number of pups in the nest, the lower was the per capita milk in-
vestment (parametric bootstrapping: c2 ¼ 6.98, P ¼ 0.022). Heavier
females gave more milk per their own offspring (parametric
bootstrapping: c2 ¼ 7.56, P ¼ 0.009).Per capita energy investment
In a last step, we analysed how much energy (measured as
grams of lipid) communally and solitarily nursing females(b)
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Figure 4. (a) The amount of milk produced per a female's own weaned offspring (per capita milk investment, circles) and the milk's lipid content (%) (triangles) for communally
(com; dams of smaller versus larger litters within communal nests) and solitarily nursing females, measured as the amount of milk collected from females after having been
separated from their young for 3.5 h. (b) Lipids (g) produced per a female's own weaned offspring (per capita energy investment) by communally (com; dams of smaller and larger
litters within communal nests) and solitarily nursing females. The overall mean for communally nursing females is indicated in grey lines. Model estimates (mean) and the 95%
conﬁdence interval of the mean are shown (N ¼ 51 females; 32 communally nursing females and 19 solitarily nursing females).
M. Ferrari et al. / Animal Behaviour 110 (2015) 133e143 139produced per their own weaned offspring (per capita energy in-
vestment). Communally nursing females were again further clas-
siﬁed as the mother of the smaller or the larger litter within a joint
nest. The energy females invested per their own offspring differed
signiﬁcantly between the three classes of female, as was expected
based on the results from the per capita milk production and the
lipid content analysis (c2 ¼ 13.27, P ¼ 0.002; see Fig. 4b). The
mother of the smaller litter in a communal nest invested the most
energy per her own weaned offspring, signiﬁcantly more than the
mother of the larger litter (model estimate of the difference (con-
ﬁdence interval of the difference): 0.01 g, 0.005e0.022) or than
solitarily nursing females (0.02 g, 0.008e0.028). There was no
signiﬁcant difference between dams of larger litters in communal
nests and solitarily nursing females. With increasing number of
pups in the joint litter, females decreased their per capita energyinvestment (parametric bootstrapping: c2 ¼ 12.41, P ¼ 0.001). The
latter increased, however, with increasing female body weight
(parametric bootstrapping: c2 ¼ 12.41, P ¼ 0.001).Growth Rates of pups Reared Communally or Solitarily
Pups raised in communal nests grew faster than solitarily reared
pups (signiﬁcant interaction term: c2 ¼ 285.3, P < 0.001; see Fig. 5).
The larger the litter (for solitary nests) or the joint litter (for
communal nests), the less steep was the growth curve (signiﬁcant
interaction term: c2 ¼ 98.7, P < 0.001). Additionally, we found a
signiﬁcant sex difference with males becoming heavier than fe-
males with increasing age (signiﬁcant interaction term: c2 ¼ 42.9,
P < 0.001; see Fig. 5). There was a nonsigniﬁcant trend for smaller
M. Ferrari et al. / Animal Behaviour 110 (2015) 133e143140pup body weight with increasing birth litter size (c2 ¼ 3.0,
P ¼ 0.10).
DISCUSSION
Our results on milk investment during peak lactation revealed
that communally nursing females cooperated while rearing litters
in a communal nest. They shared the costs of lactation by investing
according to the combined number of their own and alien offspring
in the nest and not their own litter size. This suggests that females
indeed indiscriminately nursed their own and alien young. At the20 (a)
(b)
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Figure 5. Body weight of (a) female and (b) male pups raised in communal or solitary
nests. Pup body weight was taken at day 1 (birth), 5, 9, 13, 17, 23 (weaning) and 28
(removal from the parental cage). Model estimates (mean) and the 95% conﬁdence
interval are shown (N ¼ 1655 weight measures from 60 litters; of which 38 were raised
communally and 22 solitarily; for sample sizes of pups for all age classes and both
treatments see Table A1).same time, our results showed that cooperating females did not
beneﬁt equally when they differed in litter size. Although they
shared the costs of milk production, the payoff, i.e. the number of
weaned offspring, differed for the two cooperating partners.
Regulation of Milk Production in Lactating Females
Lactation performance of solitarily and communally nursing
females was signiﬁcantly inﬂuenced by a female's body weight at
the time of milking. Heavier females, likely to be in better condi-
tion, gave more milk as has been described before (Knight, Maltz,&
Docherty, 1986). There was, however, large variation in the amount
of milk females produced. The causes of this variation are unclear.
Females might vary in their condition, and therefore overall milk
production, or vary in their response to the oxytocin administered
to induce milk release. Another source could be that varying
amounts of milk might still have been present in a female's mam-
mary glands at the time of separation from their young (3.5 h
before the milking). As we do not expect a systematic bias in our
data, we none the less used the amount and quality of milk
collected after a period of 3.5 h of separation from the pups as an
estimate of a female's milk production.
We failed to show an effect of a female's own litter size on ab-
solute milk production in solitarily nursing mice. This ﬁnding is in
contrast to previous studies conducted on house mice exclusively
nursing their own litters (Knight et al., 1986; K€onig et al., 1988).
However, in communal nests, we found a signiﬁcant increase in
milk production in communally nursing females with increasing
total litter size (their own and alien offspring). In communal nests,
the range in total litter sizewas larger than in solitary nests. The per
capita milk and energy investment analyses, which were per-
formed for solitarily and communally nursing females together,
revealed a signiﬁcant effect of the number of pups that was similar
for the two treatments (no signiﬁcant interaction). Thus, we as-
sume that our small sample size for the solitary treatment (N ¼ 21),
given the large variation in milk production, together with the
small variation in litter size among those females, can explain why
we did not ﬁnd an effect of litter size on the amount of milk pro-
duced at peak lactation among solitarily nursing females.
There is evidence that female house mice are able to adjust their
investment to postpartum changes in litter size (Knight, 1982;
K€onig et al., 1988). One potential mechanism allowing adjustment
in milk production is the suckling stimulus. Suckling by pups
maintains lactation for several weeks in rats (Bruce, 1961) and milk
production in mice correlates positively with the number of suck-
ling young (Bateman, 1957). Similar results were found for other
mammalian species (Alexander& Davies, 1959; Hayden et al., 1979)
and suckling also plays a role in regulating a female's food intake
during lactation (Cotes & Cross, 1954). An inability on the female's
side to fend off or discriminate against alien offspring, and as a
consequence the joint litter suckling, could therefore explain the
effect that communally nursing females increased milk production
with increasing joint litter size. Furthermore, such a mechanism
would also explain why females in communal nests tended to
produce more milk per their own weaned offspring than their
solitarily nursing conspeciﬁcs. Communal litters are larger than
solitary ones and females as a consequence are exposed to more
suckling young, given that females sharing a nest usually do not
nurse simultaneously (Auclair, K€onig, Ferrari et al., 2014).
Differential Investment of Communally and Solitarily Nursing
Females
Milk quantity is not the only factor that determines how much
energy a female invests in her offspring. Milk varies extensively in
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they produce, alter its quality. Such an adjustment would seem
especially beneﬁcial if females are not able to discriminate against
alien offspring and therefore cannot elude the increased suckling
stimulus.
Our results showed that while communally nursing females
overall produced more milk in relation to their own litter size than
solitarily nursing females (per capita milk investment), their milk
was of lower quality since it contained fewer lipids (see Fig. 4a). It
has been described before that mammals can adjust their milk
quality, in the context of differential sex allocation, with females
producing richer milk when nursing sons (Hinde, 2007; Landete-
Castillejos, García, Lopez-Serrano, & Gallego, 2005).
This lower milk quality might reﬂect a constraint if females are
not able to produce large amounts of milk of high lipid concen-
tration. However, we did not observe a reduction inmilk lipids with
increasing amount of milk produced in communally nursing fe-
males. Alternatively, we suggest that the relatively low lipid con-
centration serves as a mechanism to minimize overinvestment.
Communally nursing females increased milk production with
increasing number of suckling pups. They counteracted that
enlarged milk investment, however, by producing milk of lower
energy content in comparison to solitarily nursing conspeciﬁcs.
Such a strategy might reduce the potential costs of being exploited
by generally lowering maternal investment. This ﬁnding is in
agreement with Hager and Johnstone (2007), who found that fe-
males rearing mixed litters (their own and cross-fostered alien
pups) provided fewer resources to the litter (indirectly measured
over pup growth), than females only rearing their own young. In an
analogy to the biparental care situation, our results might also
reﬂect a lower overall investment when females negotiate over the
amount of maternal care they provide to the offspring (Lessells &
McNamara, 2012). Nevertheless, communally nursing females on
average still invested more energy (grams of lipids) per their own
weaned offspring than solitarily nursing females. This higher in-
vestment resulted in higher weaning weight in pups of commu-
nally nursing females, as has been found previously (Sayler &
Salmon, 1969). Pups in communal nests might further beneﬁt
from shorter intervals between nursing bouts if females take turns
nursing their offspring, allowing for more efﬁcient growth. While
communal nursing in our experiment did not allow females to
reduce the costs of milk production (higher amount of lipids pro-
duced per their own weaned offspring than solitarily nursing fe-
males), their young were heavier at weaning and as a consequence
probably in better condition, which could promote their survival
and success.
Communally Nursing Females do not Beneﬁt Equally from
Cooperation
The observed reduction in milk quality in communally nursing
females did not serve as a mechanism to prevent one female from
being exploited. Dams of both the larger and the smaller litter
produced milk of similar quality in terms of the percentage of milk
lipids. As a consequence, females with smaller litters than their
social partner overinvested in relation to their own litter size (see
Fig. 4). They produced more milk (per capita milk investment) and
invested more energy (per capita energy investment) per their own
offspring than both dams of larger litters in communal nests and
solitarily nursing females. The overproduction may seem small, but
the additional costs could inﬂuence a female's future reproduction.
Fuchs (1982) showed that the interval between the ﬁrst and second
litter of a female house mouse increases with increasing number of
pups in the ﬁrst litter (coinciding with an increase in the amount of
milk produced during rearing of the ﬁrst litter). Female bank voles,Myodes glareolus, that nursed larger litters had a lower survival
probability and tended to give birth to a smaller subsequent litter
(Koivula, Koskela, Mappes, & Oksanen, 2003). The dams of the
larger litters in our experiment, on the other hand, beneﬁted by
weaning heavier offspring with a similar per capita energy in-
vestment to solitarily nursing females.
Differences in litter size are common among communally
nursing females. We experimentally increased the variance in litter
size in half of the groups in our communal treatment. The actual
differences in litter size at the time of milking were nevertheless
similar to those in the unmanipulated groups. Under natural con-
ditions, as well as in our laboratory setting, differences in litter size
are often caused by female infanticide in communal nests (K€onig,
1994; Palanza et al., 2005; Schmidt et al., 2015). We therefore
expect varying beneﬁts for communally nursing females also to
occur under natural conditions and not just be a by-product of our
manipulation.
Females in the wild might alter their investment by spending
more or less time nursing the communal litter, depending on their
contribution. In a wild population, however, the time a female
spent in the nest was unaffected by the number of her own pups in
the communal nest (Auclair, K€onig, Ferrari et al., 2014), suggesting
that females did not behaviourally adjust their investment to their
own litter size. Time spent in the nest, or even time spent nursing,
might not be an ideal proxy for female investment (Cameron,1998),
but it is usually the only source of data available in wild
populations.
We used familiar full sisters for our experiments, which could
have caused the high levels of exploitation observed. A high degree
of relatedness between cooperating partners reduces the costs of
being exploited for the female of the smaller litter in comparison to
being exploited by an unrelated individual, through indirect ﬁtness
beneﬁts. At the same time, however, it reduces the beneﬁts of the
exploiting female through a loss in indirect ﬁtness (Mathot &
Giraldeau, 2010). Theoretical and empirical work shows that
higher levels of cheating and exploitation will be tolerated among
relatives whenever the exploited individual has a certain level of
control (Mathot & Giraldeau, 2010). If a lactating female that is
joined and exploited by a relative is more likely to stay and over-
invest instead of abandoning the communal litter than one
exploited by an unrelated partner, we expect a higher asymmetry
among related than unrelated females. Further studies are needed
to test whether the observed asymmetry is indeed a consequence
of the female's relatedness in our experiment.
Females in our experiment had no opportunity to choose a so-
cial partner. In addition, conﬁnement within the cages might not
have allowed them to raise their young solitarily, if they preferred
to do so. Our observation that females invested according to the
total number of pups in a communal nest with different litter sizes
might have been a side-effect of such constraints imposed by lab-
oratory conditions. Under natural conditions, female house mice
may use social partner choice (see above) or the decision to nurse
solitarily as amechanism to avoid exploitation. In such a case we do
not expect strategies to evolve that avoid exploitation after a
communal nest is formed. Our results support this hypothesis. We
suggest that the apparent inability of females to discriminate their
own from alien young resulted in females producingmilk according
to the total litter size in the nest. At the same time, this inability
might reﬂect an evolutionary constraint forcing females to resolve
the conﬂict prior to the formation of the communal nest, for
example by means of social partner choice.
A mother's inability to recognize her own offspring might be in
her pups' interest and may represent an outcome of parenteoff-
spring conﬂict, in favour of the offspring. Alternatively, male
imprinting has been suggested to explain this phenomenon (Roulin
M. Ferrari et al. / Animal Behaviour 110 (2015) 133e143142&Hager, 2003). A male mating with both females sharing a nest has
an interest in equal investment in all of his offspring, irrespective of
the female's share. However, wild house mice are polygynandrous
and males very rarely have exclusive paternity of offspring in a
communal nest (Auclair, K€onig & Lindholm, 2014). Currently, it is
not known what mechanism prevents lactating female house mice
from recognizing their own offspring or expressing offspring
recognition.Conclusions
Cooperating females faced a situation of conﬂict during
communal nursing as soon as they differed in litter size. Since fe-
males invested according to the joint and not their own litter size,
an asymmetry in the beneﬁt of cooperation (the number of weaned
offspring) resulted. Such a conﬂict among cooperating partners is
characteristic of a public good. A public good is a resource used or a
collective good produced by several individuals that beneﬁts the
whole group (Rankin, Bargum, & Kokko, 2007). Group members
have an incentive to cheat by overexploiting the good, because the
costs are shared among all individuals, leading to the collapse of the
public good (Rankin et al., 2007). Indiscriminate parental care in a
communal nest results in the costs being shared by all investing
females, but those with more offspring in the joint litter or clutch
will beneﬁt more. What mechanisms prevent the collapse of the
public good in such a situation? How can females prevent their
social partners from lowering their investment, or even abandon-
ing the joint litter, resulting in intraspeciﬁc nest parasitism?
In a laboratory study, female wild house mice that nursed their
litters communally with a sister had a higher lifetime reproductive
success than both solitarily nursing females and females that
communally nursed their young with an unrelated individual, and
females cooperated repeatedly (K€onig, 1994). Short-term disad-
vantages in one cooperative event (being the dam of the smaller
litter) might thus be outweighed if the female contributes the
larger litter in the following communal nest. Data over a longer
period, or from a wild population, could help to shed light on these
questions and determine the actual costs and beneﬁts of rearing
offspring communally. Additionally, females may beneﬁt from
choosing a nursing partner carefully. Females should preferentially
cooperate with a partner that has a similar litter size to reduce the
potential for conﬂict. If the female with the smaller litter has con-
trol over who is exploiting her, we would also expect communal
nursing to bemore common among relatives, as discussed above. In
a recent study in a wild population, Weidt et al. (2014) found evi-
dence that females do not always nurse communally when given
the choice, and that the number of available partners inﬂuences a
female's propensity to nurse communally, indicating that choice
indeed plays a role. We conclude that the potential for conﬂict
among communally breeding species that indiscriminately nurse or
feed all young in the nest may be high, when expected contribu-
tions to the joint clutch or litter are not random. Here we showed
that in house mice the beneﬁts among communally nursing fe-
males could even vary up to the point where one female is in fact
exploited by her social partner.Acknowledgments
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10500e10502.APPENDIX 1. PUP BODY WEIGHT
Table A1APPENDIX 2. GENOTYPING AND PARENTAGE ANALYSIS
The HbA-ps4 marker was used to identify the genotype at the t
locus (þ/þ or þ/t) (Hammer, Schimenti, & Silver, 1989). We used
12 markers for the parentage analysis of pups that could not be
assigned to a mother (markers: Chr1_20, Chr5_20, D7Mit319,
Chr1_11, Chr12_2, X3, X57, oxt-ms, D3Mit278, D6Mit139, Chr8_3,
Chr19_17, D11Mit90; Bult, Eppig, Kadin, Richardson, & Blake,
2007; Teschke, Mukabayire, Wiehe, & Tautz, 2008). Pups were
assigned to one of the females by manually comparing the alleles
of the 12 markers, allowing for one mismatch between mother
and offspring.
